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Commentary

The Hair Follicle

Dying for Attention

George Cotsarelis
From the Department ofDermatology, University ofPennsylvania
Medical Center, Philadelphia, Pennsylvania

With its fascinating ontogeny and its perpetual cyclical
growth during adulthood, the hair follicle serves as an

excellent model for the study of biological processes as

diverse as tissue patterning, mesenchymal/epithelial in-
teractions, wound healing, epithelial stem cell prolifera-
tion and differentiation, and apoptosis, to name only a

few. Indeed, several investigators, whose primary focus
was not the study of hair follicle biology, have inadver-
tently made important discoveries about hair follicle
growth and at the same time have shown the hair follicle's
usefulness as a powerful tool in their studies.1`4 The
report by Lindner et a15 in this issue is the most recent
demonstration that direct study of the hair follicle yields
insights into phenomena such as apoptosis. Neverthe-
less, we are reminded that the basic mechanisms re-

sponsible for hair follicle growth and cycling are poorly
understood. The hair follicle's utility as a general tool for
the study of basic biological problems can best be ap-
preciated by examining its development and cycling.

During embryogenesis, follicles develop from small
collections of epithelial germ cells distributed symmetri-
cally and nonrandomly over the skin surface.6 The pre-
cise patterning, as well as the future characteristics of the
follicle (for example, size, shape, and color) are probably
determined very early on by gradients of hox genes and
morphogens.7 As in limb development, even retinoids
can affect hair follicle development.8 Proteins expressed
by hair follicle epithelial germs include lymphocyte en-
hancement factor 1 (LEF-1), sonic hedge hog (SHH),
patched, Msx-1 and -2, CD24, and Bcl-2; however, the
exact role of these proteins in hair follicle formation has
not been determined.9-12 The subsequent formation of
fully developed follicles is dependent on the epithelial
germ cells interacting with underlying specialized mes-

enchymal cells that develop into the dermal papilla.13
Under the influence of the mesenchymal dermal papilla,
germ cells proliferate and differentiate into at least seven

different cell layers constituting all of the components of
the mature hair follicle. The dermal papilla later ex-

presses LEF-1 and SHH proteins along with other growth
factors that are thought to influence hair matrix keratino-
cyte proliferation and differentiation.910 This constant
cross talk between hair follicle epithelium and mesen-

chyme is periodically repeated throughout adulthood as

parts of the developmental program reappear during the
onset of each new hair cycle.
The hair follicle traverses through three stages of

growth, degeneration, and rest referred to as anagen,

catagen, and telogen, respectively. Early stages of ana-

gen recapitulate fetal folliculogenesis as the lowermost
portion of the follicle must reform to subsequently pro-
duce a hair shaft.6 14 Anagen onset is marked by prolif-
eration of outer root sheath keratinocytes located in the
lowermost portion of the isthmus at the site of attachment
of the arrector pili muscle.15 This area is known as der
wulst, or bulge, and it contains slowly cycling cells
thought to be stem cells.16 In the human follicle, the bulge
is a prominent structure during development.6 However,
in adult follicles, the bulge is not easily recognized during
anagen but is morphologically distinct during telogen.
The factors triggering bulge cell proliferation and anagen

onset are thought to be derived from the dermal papilla.16
Candidate molecules include keratinocyte growth factor
(FGF-7), insulin-like growth factor, other growth factors,
and neuroendocrine peptides.17,18

After the follicle enters anagen, the production of a

downgrowth is analogous to the healing of a wound in
many ways. Keratinocytes from the bulge proliferate and
migrate into the dermis on their way to reforming the new
lower follicle.15 Enzymes such as proteases and collag-
enases appear at the leading edge of the downgrowth,
and growth factors and their receptors are modulat-
ed. 18619 Pathways of keratinocyte differentiation are

turned on that are seen during hyperproliferation or
wound healing (such as keratin 6 expression). Neurocu-
taneous networks are remodeled.20 Melanocyte prolifer-
ation and melanogenesis occur.21 Finally, a burst of en-
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dothelial proliferation in the dermal papilla marks the time
point when the lower follicle is completely restored and is
producing a new hair shaft.22 These events occur repro-
ducibly and cyclically in a uniform manner in thousands
of follicles simultaneously over the entire skin of a mouse.
Thus, unlike many other wound-healing models where
reproducibility of the wound may be problematic, study-
ing the hair follicle during anagen onset could lead to the
discovery of new factors involved in wound healing. In
addition, an assay using anagen initiation as an end point
could serve as a screening tool for assessing the wound-
healing potential of test compounds.
Once the follicle is in full-blown anagen (anagen VI),

matrix cells producing the new hair shaft continue to
proliferate at an astonishing rate (with mitotic indices
comparable to bone marrow and intestinal epithelium).23
However, after a period of time, the duration of which
determines the ultimate length of the hair, matrix kerati-
nocytes abruptly stop proliferating, and the follicle enters
catagen, a stage marked by extensive destruction of the
lower follicle. This destruction leads to a striking de-
crease in the size of the follicle. The largest follicles, on
the scalp, for example, shorten their length from 2- to
5-mm structures that extend down into the subcutaneous
fat, to truncated 0.25- to 0.5-mm follicles confined to the
dermis. During catagen, the basement membrane
around the lower follicle thickens profoundly, and the
dermal papilla begins to condense, eventually becoming
flattened and crescent shaped. Biochemically, protease
inhibitors such as nexin are turned off, and molecules
involved in extracellular matrix production, such as os-
teopontin, are expressed by the dermal papilla24 (R.
Lavker, personal communication). Factors involved in the
precisely orchestrated destruction of the epithelial com-
ponents of the lower follicle during catagen are not well
defined, but recently, several key findings have in-
creased our understanding of the anagen-to-catagen
transition. Specifically, Hebert et a1' discovered that
FGF-5 knockout mice have hair that is 50% longer than
their wild-type littermates and that mutations in the FGF-5
gene are responsible for the Angora phenotype that had
been described over 30 years ago. Although these find-
ings were rather unexpected, careful evaluation of FGF-5
expression throughout the normal hair cycle demon-
strated that its expression was up-regulated in the outer
root sheath and hair matrix cells just before the onset of
catagen, suggesting that FGF-5 may trigger catagen on-
set.1 Subsequent studies also demonstrated that other
FGF family members and their receptors are expressed
during anagen and probably also play a role in the hair
follicle cycle.25

Although it has been known for many years that exog-
enous epidermal growth factor (EGF) administered to
sheep results in catagen induction, only through recent
transgenic and knockout studies in mice has the impor-
tance of the EGF receptor system in hair cycle regulation
been realized.26-28 For example, knockout mice lacking
transforming growth factor (TGF)-a, the major ligand for
EGF receptor, have abnormal hair follicle development
and manifest the waved hair phenotype.2 When EGF
receptor is functionally down-regulated in the basal layer

of the epidermis and hair follicle, using a dominant neg-
ative transgenic strategy, the resulting hair is not only
waved but also longer than normal.27 The transition of the
hair follicles from anagen to catagen is delayed in these
mice. Hair follicles in mouse skin completely lacking EGF
receptor also do not progress from anagen to telogen.28
Thus, EGF receptor and its ligand are required for normal
hair follicle development and cycling.

Cell death and destruction of the lower follicle during
catagen produces the club hair and telogen follicle. The
club hair is composed of nonproliferative, terminally dif-
ferentiated keratinocytes, and this structure is eventually
shed.29 In the telogen follicle, several bulges are appar-
ent at the lower portion of the isthmus. In the mouse, we
showed that bulge cells, unlike rapidly proliferating bulb
matrix cells are slow cycling and retain tritiated thymidine
label for long periods.16 We therefore hypothesized that
this area contains a reservoir of stem cells that generate
the new lower portion of the follicle at the onset of each
new anagen. Traditionally, however, stem cells for the
follicle were thought to be located exclusively in second-
ary germ cells. These cells were believed to travel with
the dermal papilla, migrating downwards to the matrix
cells of the bulb during anagen and upwards during
catagen, coming to rest at the base of the isthmus in
telogen. Although secondary germ cells cannot be iden-
tified morphologically in the bulb matrix, they are appar-
ent in telogen follicles and often illustrated in articles on
hair anatomy.30 Importantly, we found slowly cycling cells
in telogen secondary germs but not in matrix cells of
anagen hair follicles. Therefore, this suggests that stem
cells do not migrate to the bulb matrix during anagen but
that they are permanent residents of the bulge outer root
sheath. As secondary germ cells in telogen follicles are
morphologically and kinetically similar to the bulge cells
at the lowermost portion of the isthmus, our operational
definition of the bulge includes the cells of the secondary
germ. Although use of the arrector pili muscle as a mor-
phological marker for the bulge provides a reasonable
approximation of its location, especially in rodent follicles,
more sophisticated molecular markers will expedite the
study of this fascinating area in the future.

During development, apoptosis, or programmed cell
death, is critical for the modeling of both self-renewing
and ultimately terminally differentiated tissues such as
the hematopoietic and central nervous systems, respec-
tively.31'32 In the adult, apoptosis is primarily important for
maintaining the homeostasis of constantly proliferating
tissues, such as the hematopoietic system and cutane-
ous epithelium, including the hair follicle.33 Disruption of
apoptosis has not only been implicated in hematopoietic
malignancies and aberrant epithelial proliferation (hyper-
plasia) but also in degenerative disorders such as Alz-
heimer's.31

Critical insights into the molecular signals involved in
apoptosis were made in the roundworm, Caenorhabditis
elegans.34 This led to the identification of several mam-
malian proteins that play a role in apoptosis as well,
including Bcl-2, Bcl-x, Bax-c, tumor necrosis factor/tumor
necrosis factor receptor, Fas/Fas ligand, and interleukin-
1/interleukin-1,3 converting enzyme (ICE). This list is con-
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stantly growing, with several new related members re-
cently added.3536 Our understanding of the complexity
of interactions among these proteins has progressed as
well.37 Perhaps simplistically, we know that cells undergo
apoptosis when pro-apoptotic signals exceed anti-apop-
totic ones.37 Conditions that trigger apoptosis in kerati-
nocytes include ultraviolet irradiation, immunological
damage (eg, in graft-versus-host disease), detachment
from the underlying basement membrane, (perhaps
sensed by adhesion molecules such as integrins on the
cell surface), and EGF receptor down-regulation.38'39

Knowing that keratinocytes of the lower hair follicle
massively and suddenly stop proliferating and morpho-
logically appear to undergo apoptosis during catagen,
Lindner and co-workers5 carefully examined the location
of apoptotic cells in the mouse hair follicle during this
time. They sought to correlate expression of several pro-
teins known to be involved in epithelial and nonepithelial
tissue apoptosis using immunostaining, with apoptotic
cells detected by the terminal deoxynucleotidyl trans-
ferase nick end-labeling (TUNEL) technique.40 They
plucked telogen hair follicles over the entire back skin of
C57BL/6 mice, thus first inducing anagen and then cata-
gen approximately 18 days after plucking. The authors
and others have used this model successfully to study
hair follicle cycling and growth.41 42 The major advantage
of studying epilation-induced catagen is that the follicles
synchronously enter catagen. One disadvantage of this
system is that epilation-induced catagen and true spon-
taneous catagen that occurs in an unperturbed mouse
are not identical. For example, during epilation of a 40- to
60-day-old mouse, the club hairs that were formed from
two previous hair cycles (roughly between 3 to 18 days
old and 22 to 34 days old) are removed. In contrast to
human follicles that shed their club hairs at anagen onset
as the new hair grows in, mice tend to retain their club
hairs, and a single follicle in an older mouse may possess
several club hairs.43 Whether the presence of a club hair
in a catagen follicle affects the sequence of apoptotic
events in the follicle is testable by simply examining skin
during spontaneous catagen that normally occurs 17 to
19 days after birth. Another important consideration is the
relevance of this mouse model to human hair follicle
growth. Other than obvious differences in size and
shape, human scalp follicles compared with mouse folli-
cles are quite different in other respects as well. Human
follicles spend extremely long periods of time in anagen
(2 to 8 years versus 2 to 3 weeks in the mouse), and
catagen is probably also significantly lengthier. Perhaps
even more important, pharmacological agents such as
dexamethasone, estrogens, and retinoic acid, which
have profound immediate effects on mouse follicle
growth, seem to have only subtle effects on human hair
growth in the clinical setting. 1544'45
As one might expect, by using the well established

TUNEL technique to detect DNA nicking, an early sign of
apoptosis, the authors observed numerous apoptotic
cells in the matrix area of the bulb during catagen onset.
However, the earliest apoptotic cells were seen in the
central portion of the inner root sheath (IRS) and in the
epithelium of the isthmus, which includes the bulge area.

These are indeed unexpected results given that the IRS
arises from bulb matrix cells, moves upwards with the
growth of the hair shaft, and is sloughed at the level of the
isthmus. Why would IRS cells undergo apoptosis after
they have traversed half the length of the follicle, as they
are destined to be sloughed at the level of the isthmus?
Traditionally, because the IRS expresses hard keratins
and trichohyalin, it is thought that it functions primarily as
a funnel to mold the hair into its final shape.46 However,
we know that IRS cells also express several other types of
regulatory proteins, such as growth factors and metallo-
proteinase inhibitors (eg, TGF-a and tissue inhibitor of
metalloproteinase, respectively); therefore, the precise
deletion of these central IRS cells may result in a de-
crease of specific factors that leads to the proper micro-
environment for triggering catagen.247 At the very least,
these findings suggest that alterations in the IRS play an
important role in sending the follicle into catagen. Like-
wise, the paradoxical finding of apoptotic cells in the
isthmus and bulge is difficult to interpret. One possible
explanation is that apoptosis in this area may be closely
tied to regulation of proliferation in other parts of the
cutaneous epithelium such as the infundibulum, seba-
ceous gland, and epidermis. The sebaceous gland and
epidermis undergo cyclical changes in proliferation and
volume, perhaps correlated with those of the hair folli-
cle.4849 If the infundibulum and isthmus contain cells that
give rise to epidermal and sebaceous epithelia as we
hypothesize, then early apoptotic changes in these pro-
genitor cells may be necessary for subsequent alter-
ations in the more differentiated tissues.16 Alternatively,
the loss of bulge cells during catagen may relate to
mechanical changes required for proper anchoring of the
club hair to the telogen follicle. For example, the follicular
canal at the area of the bulge needs to increase in size to
allow the club hair to anchor properly.

Using immunostaining to analyze the expression pat-
tern of selected proteins involved in apoptosis, the inves-
tigators found that Bcl-2, perhaps the most thoroughly
studied anti-apoptotic factor, is expressed in the noncyc-
ling portion of the follicle, including the bulge, and in the
dermal papilla throughout the hair cycle. As the integrity
of bulge and dermal papilla cells is necessary for contin-
ued hair follicle cycling, these findings make sense intu-
itively; however, they are difficult to reconcile with the
concept of the bulge as an apoptotic hot spot. Neverthe-
less, pro-apoptotic factors such as ICE and apoptotic
receptors such as Fas and p75NTR were found in the
noncycling portion of the hair follicle as well, and they
may be responsible for the apoptosis in the isthmus
detected using the TUNEL technique. These findings
clearly demonstrate that the portion of the follicle distal to
arrector pili muscle insertion undergoes cyclical changes
that are not apparent histologically. In contrast, the nu-
merous TUNEL-positive cells in the bulb correlate well
with the obvious regression normally seen in the lower
follicle during catagen, and these changes are also ac-
companied by a pro-apoptotic profile of increased ICE
expression and decreased Bcl-2/Bax ratio. The seem-
ingly contradictory findings, such as TUNEL-positive but
ICE-negative cells in the IRS and the pro-apoptotic Bax
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expression in the dermal papilla of pharmacologically
treated follicles, suggest that other factors, perhaps not
yet identified, play a role in survival or death of hair follicle
cells. The hair follicle is an ideal system for isolating these
factors using molecular techniques such as differential
display or polymerase chain reaction (PCR)-based sub-
traction hybridization, not only because skin in different
stages of the hair follicle cycle is readily generated after
epilation but also because investigators can microdissect
and isolate portions of larger human or rodent follicles.12

Through careful analysis of apoptotic cells in the
mouse hair follicle, Lindner and co-workers5 have discov-
ered that the hair follicle is even more dynamic than
previously thought. As they point out, there does not
appear to be a truly permanent portion of the follicle;
rather, apoptotic cells are found in the distal follicle as
well as the transient lower follicle during catagen. These
insights should trigger new studies to define which cells
within the follicle survive throughout all stages of the hair
follicle cycle, and how these cells are protected from cell
death. Perhaps through dominant negative or skin-spe-
cific knockout strategies, studies on molecules that are
important for apoptosis regulation in other tissues, such
as neurotrophin, will lead to a better understanding of hair
follicle growth and cycling. Even more important, by di-
rectly studying the hair follicle's morphogenesis and cy-
cling, we may obtain a clearer understanding of basic
biological processes involved in tissue homeostasis in
general.
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